Abstract: New indium hydride reagents LiPh n lnH 4 . n (n = 0-2) were prepared and their reactivity and selectivity for various organic compounds containing representative functional groups were studied. It was shown that the reactivity can be controlled by changing the substituents and their number on the central indium atom. Their stereoselectivities were comparable to those of sodium borohydride and lithium aluminium hydride.
Introduction
Reduction is one of the most fundamental processes in organic synthesis. A large number of reducing reagents have so far been prepared and extensively studied. In particular, many structurally diverse boron and aluminium hydride reagents were prepared and widely utilized. 1 On the other hand, compounds which contain indium-hydrogen bonds are generally unstable and very few examples have so far been fully characterized, 2 though indium belongs to the same group 13 as boron and aluminium. As a part of our study on the syntheses and applications of organoindium reagents, 3 we recently reported the preparation and reaction behaviour of new indium hydride reagents. 4 In this paper, are described the full scope of the indium hydride reagents, i.e. preparation as well as reactivity and selectivity for various organic compounds containing representative functional groups.
Results and Discussion

a. Chemoselectivity
The preparation of lithium indium hydride (LilnH^ was first reported by Wiberg and Schmidt, and the reduction of several organic compounds was attempted with this reagent. 5 They described that amides and nitriles were reduced by this reagent, whereas aldehydes were inert. We reexamined their experiments and demonstrated that this indium hydride has enough reduction ability for various organic functional groups. 4 We further prepared phenyl-substituted indium hydride reagents LiPh n lnH 4 . n (n =1, 2) and found that the reduction ability can be increased by the introduction of phenyl group(s) to indium atom 4 Although the structures of these indium hydride reagents are not yet fully characterized, their chemoselectivities have now been evaluated by the reduction of difunctional compounds (Table 1) . When p-nitrobenzaldehyde was treated with LiPh 2 lnH2, only the corresponding alcohol was obtained; whereas the nitro group was preferentially reduced with LiPhlnH 3 to give the corresponding azoxy compound as the main product. Simi-lar results were observed for the reduction of p-nitroacetophenone. Selective reduction of methyl pformylbenzoate, which has two different carbonyl groups, was examined. Both the reductants reduced the formyl group selectively and the ester group was not reduced even with hydride in excess. Based on the experiments with three indium hydride reagents LiPh n lnH4. n (n = 0-2) shown in Table  1 and in the previous communication, 4 the order of the yields of reduction products is summarized in Table 2 . It is interesting to note that, in the case of LiPh 2 lnH 2 , the ester group was reduced to the corresponding alcohol in higher yield than the keto group.
LiPhlnH 3 showed unusual results: keto and nitro groups were reduced in higher yields than aldehyde and acid chloride functional groups. These results indicate that the reactivity and the chemoselectivity of the indium hydride reagents can be controlled by changing the ligand (Ph vs. H) on the central indium atom. Vol. 20, No. 4, 1997 Especially, the derivatives of lithium borohydride show high stereoselectivities in the reduction of cyclic and bicyclic ketones. 7 The results on the stereoselective reduction of cyclic ketones with indium hydrides LiPh n lnH 4 . n (n=0-2) are summarized in Table 3 , together with those of NaBH 4 and LiAIH 4 for comparison. Yields of the reduction products by the three indium hydrides showed a similar tendency: cyclic ketones such as 2-methylcyclohexanone were reduced to the corresponding alcohols quantitatively; whereas bicyclic ketones, such as camphor and norcamphor, were reduced in lower yields. In particular, camphor was reduced by the indium hydride reagents in only modest yields (8-13%), though the corresponding alcohol was obtained quantitatively with LiAIH 4 . 8 For cyclic ketones, LiPhlnH3 gave higher yields than LiPh 2 lnH 2 . However, both the phenyl-substituted reagents are still less reactive than LilnH 4 .
The stereoselectivity of LilnH 4 toward cyclic and bicyclic ketones is generally very similar to those of NaBH 4 and LiAIH 4 . Of the examined ketones, only 2-methylcyclohexanone showed some differences in comparison with NaBH 4 and LiAIH 4 . It is known that, when the size of the re-agent becomes larger, the chance of equatorial attack should increase and hence the proportion of c/'salcohol. 7 As the atomic size of indium is larger than that of boron or aluminium, the cis:trans ratio (44:56) observed with LilnH 4 is reasonable in comparison with those obtained with LiBH 4 (33:67) 9 and LiAIH 4 (24:76). The stereoselectivities of the phenyl-substituted indium hydrides are worthy to note. The proportion of cis-alcohol, which is produced by the reagent approaching from the less hindered face, is expected to be increased by changing the reductant from simple indium hydride (LilnH 4 ) to bulky phenyl-substituted indium hydrides (LiPh n lnH 4 . n : n=1, 2). However, the three indium hydrides showed very similar stereoselectivities for all the substrates except 2-methylcyclohexanone. Thus, the effect of the introduction of phenyl group was observed only for the reduction of 2-methylcyclohexanone, for which LiPhlnH 3 gave less c/s-alcohol than LilnH 4 . These unexpected results suggest that factors other than reagent's size are operating on the stereoselectivity.
A number of discussions have been made to account for the stereochemical observations with various metal hydride reductants.
1 · 10 It is generally accepted that unhindered cyclohexanones exhibit an intrinsic preference for axial attack by small hydride reagents, such as NaBH 4 and LiAIH 4 , leading to the equatorial alcohol; whereas axial alcohols are produced, via equatorial attack, from both hindered and unhindered ketones with bulky hydride reducing agents. It was reported that the mechanisms of NaBH 4 reduction and other reductions including LiAIH 4 reduction are quite different.
103 NaBH 4 reduction seems to be explained by the steric interactions involved in prod-uctlike transition states. On the other hand, other reductions appear to contain the combination of two counteracting effects: a steric factor (steric approach control) favouring equatorial attack and some other (non-steric) factor which provides an intrinsic preference for axial attack. The above results with indium-based reductants LiPh n lnH 4 . n (n = 0-2) also seem to be the combination of several effects, but the factors which control the stereoselectivity are still unclear. Nevertheless, the structural modification of the reductants was most apparently reflected in the case of 2-methylcyclohexanone. 
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c. Alkoxyindium hydrides
The introduction of alkoxy substituents into LiAIH 4 is a convenient method for the modification of steric requirements and the reducing properties. 60 · 12 We attempted the preparation of alkoxy-bearing indium hydride reagents by the reaction of LilnH 4 with alcohol. Different amounts of alcohol were added to a suspension of LilnH 4 . The stereoselectivities of the resulting reductants, presumably LilnH n (OR) 4 . n , were examined with 2-methylcyclohexanone (Table 4) . When more than two molar equivalents of methanol, isopropyl alcohol, or f-butyl alcohol were added to LilnH 4 , the yields of the reduction product dropped to less than 10%. The amounts of 0.5-1.0 molar equivalents of methanol and f-butyl alcohol gave somewhat diminished yields of the reduction product, while the stereoselectivities being essentially unchanged (runs 2, 3, 8, and 9). This unexpected results remind the fact that LiAlhKOBuOs yields a very similar stereoselectivity to that of LiAIH 4 itself in the reduction of 2-methylcyclohexanone. On the other hand, when isopropyl alcohol was used (runs 5 and 6), the proportion of transalcohol was considerably increased. Again, the selectivity can not be rationalized simply by the steric reason. A mechanism involving the disproportionation of LilnH n (OR) 4 . n to Li!nH 4 and Liln(OR) 4 might be considered. 
d. Temperature effect
The effect of reaction temperature on the stereoselectivity is shown in Table 5 . In the case of LiPhlnH 3 , the reduction of 2-methylcyclohexanone proceeded very little at low temperature (-40 --10 °C ). In refluxing ether, the yield was also only modest, probably owing to the decomposition of the reductant on heating. On the contrary, LiPh2lnH2 is thermally more stable and a high yield was attained even in refluxing ether, where the proportion of trans-alcohol became larger. In many selective reductions, the reaction temperature influences largely the cis/trans ratio. 
e. Solvent and miscellaneous factors
As it is well known that the solvent effect is important for stereoselective reduction,I2d,i3a,i4 several solvents were examined in our reduction system. First, preparation of LilnH 4 was attempted in several solvents. Thus, lnCI 3 and LiH were mixed in the presence of 2-methylcyclohexanone. But the reduction of the ketone did not occur when tetrahydrofuran, dimethoxyethane, diisopropyl ether, A/,A/-dimethylformamide, and hexane were used. In dimethoxymethane, however, the reduction went on smoothly and a product ratio (cis:trans =30:70), slightly different from that in diethyl ether (44:56), was observed. Next, replacement of diethyl ether with other solvents was attempted in the following manner. After LilnH 4 was prepared in diethyl ether, the solvent was removed under vacuum at room temperature. Then, other solvent such as tetrahydrofuran, 1,4-dioxane, hexane, and benzene was injected and the reduction of 2-methylcyclohexanone was attempted. However, the reduction did not occurr at all in all the solvents examined. Thus, it was found that the solvent plays an important role not only in the preparation of LilnH 4 but also in the reduction process.
It is reported that the stereoselectivity can be changed by the addition of metal halides.
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Therefore, several metal chlorides such as TiCI 4 , Me 3 SiCI, LiCI, CoCI 2 , and CrCl3 were added to the reaction mixture of 2-methylcyclohexanone and LilnH 4 . But this attempt merely decreased the yield of the corresponding alcohol and the cis/trans ratio was not changed. Finally, the influence of lnX 3 , which is a fundamental compound for the preparation of LilnH 4 , was examined (Table 6) . Surprisingly, the cis/trans ratios of the reduction of 2-methylcyclohexanone differed from each other. Since a lithium halide (LiX) is formed during the preparation of the reductant and is present throughout the reduction of the ketone, it may influence the structure of the reductant and/or the reduction course.
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Although we have not yet succeeded to characterize the structures of our indium hydride reagents, it was found that our indium-based reduction reagents have sufficient reduction ability and unique reduction properties. Further structural modification of these new reduction reagents should provide useful tools in organic synthesis. 16 All substrates were commercially obtained. Solvents were distilled before use. Alcohols were distilled from calcium oxide. Metal chlorides were dehydrated with thionyl chloride.
Preparation of indium hydride reagents
a. LilnHj. To a cooled mixture of lnCl3 (663 mg, 3 mmol) and LiH (96 mg, 12 mmol) was added Et 2 0 (20 ml) and the mixture was stirred at -30 °C for 5 h to give a white suspension of LilnH 4 . This reagent was obtained as a white solid by filtration and could be stored at least overnight under dry air without loss of the reducing ability. However, the suspension was directly used for the next reactions. Although the structures of this compound as well as the following phenyl-substituted reductants were not fully characterized, the formulations were tentatively made based on the stoichiometric ratio of the reactants.
b. LiPhlnH 3 : To a suspension of lnCI 3 (884 mg, 4 mmol) and LiH (96 mg, 12 mmol) in Et 2 0 (40 ml), PhLi (4 mmol) was added dropwise at 0 °C. The mixture was stirred for 1 h and then ultrasonicated at 10 °C for 2 h to furnish a light gray suspension of LiPhlnH3. This suspension was used as prepared for the next reduction.
c. LiPh 2 lnH 2 : To a suspension of lnCl3 (884 mg, 4 mmol) and LiH (64 mg, 8 mmol) in Et 2 0 (40 ml), PhLi (8 mmol) was added dropwise at 0 °C. The mixture was stirred for 1 h and then ultrasonicated at 10 °C for 2 h to furnish a dark gray suspension of LiPh 2 lnH 2 . This suspension was used as prepared for the next reduction.
d. Alkoxy-substituted indium hydrides: To a suspension of LilnH4 prepared as described above, neat alcohol was added dropwise at -30 °C. The mixture was stirred for 1 h at 30 °C to furnish a white suspension, which was directly used for the next reduction.
General reduction procedure a. LilnHj. To a suspension of LilnH4 prepared as described above, a substrate was added. The mixture was ultrasonicated at 10 °C for 1 h and then stirred overnight at room temperature. The reaction was quenched with 1N-HCI and the products were extracted with Et 2 0. The extracts were dried (Na 2 SC>4) and then concentrated. The products were characterized by spectroscopy or direct comparison with authentic samples. The stereoselectivities were determined by GC.
b. LiPh n lnH 4 . n (n=1, 2): To a suspension of LiPh n lnH4. n (n=1, 2), a substrate was added. The mixture was stirred overnight at room temperature and then worked up as above. 
